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INTRODUCTION 
. . 
The  "C l ean  Wa ter Act of  1977 [PL95-217]" required a l l mu nicipal 
. cons truc tion grant  recipients to ana l yze in nova tive and  al terna tive 
treatmen t  p roces s es and  techniques  for u se  in . t reatmen t works ( 1 ) .  
Con gre s s  in tended the act to ·encourage t he  u s e  of  treatment systems 
that  rec l aim a n d  reuse water , recyc l e  wa stewater constituen t s  a nd  reduce 
pol l u ta n t  d is c harge  a t  l ow energy demands (1). 
C! .  
Land  treatment is c l a s sified as  a l terna tive techn o l ogy u n l e s s  the 
system is a n ew and  improved app l ication of a l ternative  p ro ce s s e s . 
Al though l and  treatment wil l not necessaril y c l a s s ify a s  innova tive 
techno l ogy, t he exten sion o f  grant e l igibil ity wil l be p rovided to 
a l terna tive techno l ogy with certain re s triction s (1). 
Numer o u s  investiga tion s  of l and  treatmen t  have  been conducted a t  
South  Da kota  Sta te  University (2, 3 ,  4, 5s 6, 7, 8, 9, 10, 11, 12 , 13 , 
1 4). Druyves tein ( 2 )  a n d  Jen sen ( 3 )  s t udied  the  q ua l ity of groundwater 
near l ea king l agoon s .  Til trum (4) and S herma n (5) st udied the  qua l i ty 
o f  renov a ted s tabil ization pond  effl uen t  with soil  l ysimeters .  
The  rem aining invest i gat i on s  were conducted on  a rapid in fil t ration  
pil ot  u n i t  n ear  t he stabil ization pond  a t  B ro o kin g s , So u th Da kota . The 
pil ot unit was con structed with funds from the So u t h  Dakota Wa ter 
Resources I n s titute at South Da kota Sta te U nivers ity with a s sistance  
from the B ro o king s  Municipa l Util itie s .  Su bs eq uent  funding  was 
received from the Environmenta l  Protection Ag ency .  
A l sa ker , Voogt and  Mil l er (6, 7, 8) reported o n  t h e  firs t yea r of 
operation (1975). Al s a ker (6) reported on the a bil ity of  the renovated 
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water to meet effl u ent  d i s c harge standa rds . Voogt (7) determ i ned the 
i nf i l tra t i on rates and  the hydra u l i c  l i n eament s  wh i l e  Mi l l e r ( 8 )  
exam i ned  t he wi nter  operat i ng const ra i nt s  for the  pi l o t unit i n  a 
n orthern c l imate .  
System mod i f i ca t i ons  were  made in  1976 to i mprove the  t reatmen t 
p roces s .  DeMe rs ,  La r son a n d  D i c k i n son  (9, 10, 11) reported  on the  
s econd year  o f  opera t i on fol l owi ng the  mod i f i cat i on s .  DeMe rs (9) 
cont i n ued t he i nves t i ga t i on s  on the  a bi l i ty of t h e  renova ted water to 
meet effl u en t  s ta ndard s whi l e  Lar son (10) s t ud i ed the hydra u l i c  
c haracter i s t i cs .  D i c ki n son  (11) reported o n  t he  fate  o f  n i trogen wi t h  
t he ra pi d i n f i l tra tio n  un i t  . .  
In 1977, perforated dra i n s  were i nsta l l ed a t  a l ower so i l  depth .  
Borgstadt, Dra ke a n d  Sea s (12, 13, 14) con t i n ued wi t h  i n ves t i gat i on s  
s im i l ar to preced i ng i nves t i ga t i on s .  Bargstadt  ( 12 ) exam i ned hyd ra u l i c  
c haracter i s t i cs a nd Sea s (13 ) repor ted o n  effl uen t q ua l i ty .  Dra ke (14) 
repor ted on t he n i trogen data and the  i nfl uence o f  t he t rea tment system 
o n  the gro u ndwa ter q ua l i ty .  
Th i s  i nvest i ga t i on eva l ua ted t he n i trogen  con s i de ra t i o n s  of  t he  
Brooki n gs pi l ot un i t  w i th empha s i s on n ew  i n formation pro v i ded by the 
1978 opera t i o n s . The spec i f i c  object i ves were  a s  fo l l ows : 
1. To �valuate t he n i trogen remova l eff i c i en c i e s  of  the  
h i gh- rate sys tem, and  
2 .  To  i nves t i gate se l ected factors rel a ted to t he  n i t rogen 
remova l s  o btai ned by t he ba s i n s .  
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L ITERATURE REVI EW 
Signific a n c e  of  Nitroge� in Wat�r 
Approximate l y 24 bil l ion gall ons  of treated - domes tic s ewage a re 
di scharged dail y iri the  United Sta tes . The  treated s ewa ge s til l contains 
a l a rge  nutrient  concen tra tion · t hat cou l d  po l l ute  s urfa c e  waters . 
Congres s a t tempted to comba t t he po l l ution p ro bl em by ena c tin g P u bl ic Law 
92- 500 , "Federa l Water Po l l u tion · contro l Ac t Ame n dmen ts of 1 97211 ( 1 5 ) . 
T he. a ct s p ecif i ed criter i a  of effl uen t  q ua l ity for three l e ve l s ,  " Be st  
Practica l Tec hn ol ogy" by  J u l y  1 ,  �977 , "Be s t  Avail a bl e Technol ogy "  by . 
Ju l y  1 ,  1 983 , a nd  "Ze ro Discharge" of  po l l u tant s  by 1 98 5  ( 1 6 ) . 
Thirteen of t he fifteen para gra p hs u s ed by. t h e  Sena te report
· 
a s  a 
ba sis for  P L  92- 500 concerned l and  treatmen t .  T h e  Hou s e  o f  Rep re s en ta ­
tives  a nd  the  Sena te u nited o n  the is s ue t hat  l an d  treatment of 
was tewater wa s a via bl e a l terna tive fo r water  po l l u tion con tro l ( 1 5 ) .  
La nd treatment of wastewa ter is e s pec i a l l y  appro pr i a te for n u t rien t  
contro l . Soil s are  capabl e of  purify i ng l iq uid was te s  by c hemi ca l , 
p hysica l  a nd bio l ogi ca l processes . Soil ca n a l s o  remove  mos t  of  t he  
biodegra da bl e ma teria l  and  feca l  matter by fil t e ring t h ro ugh the  
soil p rofil e {1 7 ) .  
T his investiga t ion  is concerned s pecifica l l y  with t he  p rob l em of 
n i trogen  contro l . Certain nitrogenous  compounds  dis charged from 
was tewa ter treatmen t  p l ants  can have s evera l del eteriou s  effects . 
Bio s timu l a tion of  t he s u rfa ce water s ha s receiv ed most of  t he con cern 
i n  the pa s t ;  howev er , potentia l  impact s  a l so  shou l d  in c l ude toxicity to 
fish l ife, reduc tion  of ch l orine disin fection e fficien cy ,  an  increase  in 
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d i s s o l ved oxygen dep l eti on in rece i ving  wa ter s ,  adverse  p u b l ic hea l th 
effect s ,  a nd a r ed ucti on  of s u i ta bil i ty for re u se (18). 
B i o s timul ati on  of  the s urface wa ters is u s ua l l y  i n  the form of 
exces s i ve p l a n t  growth res u l ting from over-fe�til i zati o n . I t  is es­
s entia l for a l ga l  growth that .four ba s i c  fa cto r s  a re p resen t: nitrogen , 
p ho s p hor u s , carbo n diox i de ,  a nd l i ght energy .  Lim i ti ng any one  factor 
can  p revent eutro p h i cat i on of th� rece i v i ng wa ters . E u trop h i cati on  o f  
c .  
s u rface  waters i n c l udes deter i ora ti on i n  the a ppeara n ce of  p revi ou s l y  
c l ear  wa ters , o do r  p ro bl ems from decayi n g  a l gae , and a l ower d i s so l ved 
oxygen l ev e l  wh i ch can adverse l y  affect f i s h  l ife (18) . 
The mo l ec u l a r  form of  ammon i a  (NH3) has  a toxic effect on  fis h l i fe 
(18). The ammonium i on s  are the predomin en t  ammonia s pecie s  in waste -
w�ter .  When  the  temperature or pH l eve l s increa s e, ammon ium ion s  are 
s h i fted from the ionic to mo l ecu l a r  ammon i a  form .  Therefore , the temp­
e ra tu re a nd pH m u s t  be measured to determin e if the a mmon i a  con cen ­
tra t i o n  wi l l  p roduce a tox i c  effect on the fish (36). 
Ammonium ion s  r ea dil y rea ct with ch l o r i ne to form ch l orami nes . 
Ch l oramin e s  are l es s  effective d i s i n fec tants tha n  f ree  avail a b l e ch l o -
rine .  T h u s ,  the p resence of  nitrogenous  compounds  i n  the water red uces 
the e ffectivenes s  of  c h l orine  as  a disinfectant  (18). 
Ammon i um can  exert an  oxygen demand  when b i o l ogi ca l l y  ox i d i zed i n  
t he s tream.  The  degree of n i trif i cation a t  the wa s tewa ter treatmen t 
p l ant wil l d etermi n e  the amount  of ammon i um a va i l abl e in the effluent 
for furthe r  oxidati on .  Efficien t n itrifica tion a t  the sewage treatmen t  
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p l a nt ca n minimize t he oxygen demand  from n i t rogenous  ma teria l . This 
might preven t t he s treams from going anaero bic (18). 
Nitrates  represent  the form of nitrogen mo s t  hazardou s  to  pub l ic 
heal t h .  Nitra te nitrogen in exce s s  of 10 mg/ l  c a n  sometimes create a 
fata l b l ood disorder in infants  l es s  than  t h ree mon t h s  o l d .  Methe­
mog l o b i n emia ,  common l y  cal l ed " bl ue  ba by " , occurs when nitra te is 
reduced to n itrite i n  t he s toma c h  after inges tion . The n i trites  react 
wi t h  h emogl o bin a nd preven t t he biood from tra n sporting oxygen through 
the body .  The  infant  t hen s uffocates from l ack of oxygen (18). 
Al t ho ugh direct reu se of wa stewa ter for domes tic water s upp l ies  · is 
not  yet a rea l ity because  of pub l ic hea l t h con s idera t i o n s , wa stewater 
cou l d be reu sed in certain indus tria l a ppl i ca tions . Du e to corro sive 
p ro bl ems often encountered with ammonia , its remova f might be req u i red 
p r i or to reu se (18). 
N i trog en l oadin g  is u s ua l l y  t he l i miting factor when ca l cu l a ting 
the a rea  requirement for l and app l ication sys tems (19). The high-rate 
i nf i l tra t i on-percol a tion systems u sua l l y  exceed p l a nt  uptake of  nitrogen  
e s pec i a l l y  if  t he p erco l ation ba sin s  cannot  s u s tain vegetative  growth . 
Nitra te  contamina tio n  of  t he ground  wa ter t hen  becomes of major con cern . 
I n  fol l owing sectio n s , t he mec hanisms and  fa ctors a ffec ting nitrogen  
control with a l a nd app l ication system are des cribed .  
Mechan i�m�·of Nitr i fica tion  
Ni trif i ca tion is  a two - s tage bio l ogica l proce s s  by which ammon ia is 
converted first to n itrite and then to nitra t e .  T h e  two p r i n cipa l 
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genera of importance in biological nitrification processes are 
Nitrosomonas and Nitrobacter. Both genera are autotrophic organisms 
which derive their energy for growth from the oxidation of inorganic 
matter. Thus, these organisms are capable of. using inorganic carbon 
(C02) for synthesis rather th�n organic carbon (18). Nitrosomonas 
can oxidize the ammonia to nitrite, however to complete the nitrifi-
.. 
cation process, Nitrobacter must oxidize the nitrite to nitrate. 
The nitrification process for wastewater is more complex than just 
the oxidation of armnonium by two genera of bacteria (18). It has been 
also classified as a mineralization process ( 20 ) .  Mineralization is 
the conversion of organic material to the inorganic form. In this pro­
cess, organic nitrogen is converted to ammonia · (ammonification) prior to 
the nitrification reactions ( 2 0 ) . 
Since the predominant product of ammonification is usually in the 
ionic form (NH4+), the soil may adsorb the ammonia by the cation ex­
change complex (18). Further transformation of the ammonia requires 
nitrification of the adsorbed ammonia. 
The nitrification process includes various reaction intermediates 
and enzymes. The sequential oxidation of ammonia to nitrite and then to 
nitrate is sum arized by Table 1 (18). 
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TABLE 1 
RELATIONSHIPS FOR OXIDATION AND GROWTH IN NITRIFICATION 
REACT IONS IN RELATIONSHIP TO TH� CARBONIC ACID SYSTEM 
Reaction 
Oxidation-Nitrosomonas 
Oxidation-Nitrobacter 
Oxidation-Overall 
Equation 
NH� + 1.502 + 2Hco3 + N02 + 2H2C03 + H20 
N02 + 0.502 + N03 
. . 
NH� + 202 + 2Hco3 + No; + 2H2C03 + H20 
Mineralization will be the dominant mechanism if the land system 
has a favorable carbon to nitrogen ratio of 20 to 25 (20). However, if_ 
the wastewater is low in nitrogen and high in carbon, an immobilization 
reaction takes place. Immobilization occurs when the decomposing or­
ganic material lacks sufficient nitrogen to supply microbial needs. 
Inorganic nitrogen is then incorporated into the microbial cell for 
later transformation. With time, carbon will be lost and a more favor-
able C:N ratio will allow the mineralization process to begin again 
(20). 
Factors Affecting·Nittification 
It is essential to understand the nitrification process to optimize 
the conditions in a land treatment system to achieve nitrification. 
Four factors that usually inhibit nitrification include insufficient 
oxygen, low temperature, saturated soil, and unfavorable pH (20). 
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Nitrification requires 4.57 milligrams of oxygen for every mil­
ligram of nitrogen oxidized (18). If the soil is saturated and poorly 
aerated, the lack of oxygen could inhibit the nitri.fication process. 
The soil bacteria .require an optimum t�mperature of 26-32°c (80-90°F) 
and will be completely inhibi�ed at -1°c (30°F). A neutral to slightly 
alkaline pH seems to be most conducive for soil bacteria (20). The soil 
must possess a buffering capacity since the oxidation of ammonia de­
stroys approximately 7.0 mg of alkalinity for every milligram of ammonia 
nitrogen oxidized (18). Acid is formed during nitrification and the 
potential drop in pH could eventually inhibit the nitrification process. 
Mechanisms of Denitrification 
Denitrification is the process by which nitrate is converted to 
nitrogen gas and other gaseous end products (18) . The reactions in­
volved may be purely chemical or brought about by microorganisms. 
However, chemodenitrification is limited to highly acid soils and is 
usually of little significance to land treatment (20). Denitrification 
converts nitrate nitrogen to elemental nitrogen which does not have a 
significant effect on environmental quality since the atmosphere con­
tains approximately 78% nitrogen gas. 
Unlike nitrification, biodenitrification can be acco plished by a 
relatively broad range of bacteria including Psuedomonas, Bacillus, 
Micrococcus and Archromobacter. The denitrifiers are generally a 
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heterotrophic ba�teria requiring organic matter for energy (18). The 
denitrifiers accomplish nitrate reduction by nitrate dissimilation. The 
denitrifiers are facultative organisms that can use nitrate or oxygen as 
the terminal electron acceptors while oxidizing organic matter. There-
fore, to accomplish a nitrate reduction the bacteria must be in an 
anaerobic environment. The nitrate then replaces the oxygen in the 
respiratory process of dissimilation (18). 
Denitrifiers are also capable of an assimilation process whereby 
nitrate is converted to ammonia and then can be used to meet the cell's 
nitrogen requirement. Assimilation by the microbes is unlikely to occur 
if the wastewater already contains ammonia nitrogen (18). 
Thus, to encourage biodenitrification) land applic 2t i on systems 
must be managed to bring nitrate and organic carbon together under 
anaerobic conditions (20). The mode of operation becomes more critical 
to maintain an aerobic upper soil layer for nitrification and an ana­
erobic lower soil layer for denitrification. Table 2 is a summary of 
th� denitrification processes (18). 
TABLE 2 
RELATIONSHIPS FOR NITRATE DISSIMILATION AND GROWTH 
IN DENITRIFICATION REACTIONS 
Reaction Eq uation 
Nitrate to Nitrite NO� + 0.33 CH30H +NO� + 0.33H20 + 0.33 ·H2co3 
Nitrite to Nitrogen Gas NOz + 0. 5CH30H + 0.5H2C03 + 0. 5N2 + HC03 + H20 
Nitrate to Nitrogen Gas NOj + 0. 833CH30H + 0.167H2co3 + 0. 5 N2 + 
1.33H20 + HC03 
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Factors Affecting Denit�ification 
Denitrification is usually controlled by four factors. These 
factors include an anaerobic environment, a carbon·source,'the soil pH, 
and the temperature of the soil environment {18). 
As mentioned earlier, an anaerobic environment is necessary for the 
dissimilation process. Oxygen has a greater free energy release and 
will be used as the termin�l electron acceptor if it is present. There­
fore, the soil should be kept saturated to minimize soil aeration so 
that nitrate can be used as the terminal electron acceptor (18). 
A carbon source is required by heterotrophic denitrifiers. The 
denitrifiers require approxim�tely 1.3 milligrams of biodegradable 
carbon for every milligram of nitrate nitrogen ' (21). Methanol or 
glucose could be added to the soil to supply a source of carbon for the 
denitrifiers (22). 
According to Bremner and Shaw, optimum denitrification occurs 
within a pH range of 8.0 - 8.6 (21). The denitrification will essentially 
cease at pH values below 5.5 (23). Denitrification partially offsets 
the nitrification process by creating bicarbonate alkalinity (18). 
Oenitrifiers are more temperature sensitive than nitrifiers. De­
nitrification essentially stops at temperatures below 2. 2oc (360F) 
(23). Although, the minimum temperature is the significant factor, the 
optimum soil temperature is 60° to 65°C (140° to 150°F) (24). It has 
been reported that temperature has littl·e effect on denitrification in 
the 200 to 3o0c (68° to 86°F) range (24). 
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Figure summarizes the mechanisms for nitritication-denitri­
fication in a soil and water sjstem ( 18 ) . The water-level limit has 
been extended to below the soil surface.to include the nitrification 
that has been reported to take place in the upper soil layer (17). 
Nitrifiers were found to be in the greatest numbers in the upper 1 5  
cm (6 in) of  soil ( 25 ) .  Although bacteria were found as far down as 90 
cm (36 in), the majority of nitrifiers are in the upper 30 cm (12 in) of 
the soil pro�ile. 
· Additional arrows were drawn on the soil layer to depict the 
leaching capability of the ammonium and nitrate ion. Nitrogen in these 
forms not removed or adsorbed by the soil, will be leached to the 
groundwater {1 7). The form and quantity of nitrogen in the leachate 
depends on the ammonium adsorption ratio of the soil.and the amount of 
oxygen available in the lower layers of soil. 
Review of Existing Facilities 
Numerous studies have been published on treatment capabilities of 
existing high-rate infiltration-percolation systems ( 2 6 ,  2 7 , 2 8 ,  2 9 , 
30) . Relative evaluation of the success of the Brookings pilot unit 
required examination of the published data. Table 3 is a summary of 
selected factors related to nitrogen removal taken from reports of six 
infiltration-percolation units that were reviewed. The factors in this 
table were selected to illustrate the variability of operation and 
sampling encountered at different treatment units. The Brookings 
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TABLE 3 
TOTAL NITROGEN REMOVAL EFFICIENCIES AT 
SELECTED INFILTRATION PERCOLATION SITES 
Mode of 
Sampling Operation % Total 
Depth Applied Nitrogen 
Location (ft ) . Effluent Flooding Resting Remova 1 
Fort Devens 3-181 Primary 2 day 14 day 60- 80 
Flushing Meadow 30 ActiJ1a ted 
Sludge 
Mc;iximum 
Infiltration 2 wks 10-20 day 30 
Maximum 
Nitrogen 
Removal 9 days 12 days 65 
Lake George 10 Trickling 
Filter 9 hrs 4- 10 days 43-51 
Santee, CA 200 Activated 
(Latera 1) Sludge 50 
Westby, WI 3 Trickling 
Filter 2 wks 2 wks 70 
Whittier Narrows 8 Secondary 9 hrs 15 hrs o2 
lone foot= 0.3048 meters. 2effective nitrification but not denitrification 
pilot unit operated with stabilization pond effluent on an every­
other-day flooding cycle. Nitrogen-removal efficiencies are cal­
culated from the quality of effluent in underdrain s in stalled at 
depths of 0. 76 and 1. 2 meters (2. 5 and 4 feet ) . 
349S06 SOUTH DAKOTA STATE UNIVERSITY LIB y 
Ref. 
28 
29 
29 
30 
30 
31 
30 
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RESEARCH LOCATION AND PROCEDURE 
Research Pilot Unit Location 
The high-rate infiltration-percolation system is located on city 
land near the Brookings stabilization ponds. Brookings treats the 
wastewater with a trickling filter plant followed by a two-cell pol­
ishing pond. ·The wastewater is then discharged to Six-Mile Creek which 
flows to the Big Sioux River. Fi9ure 2 shows the approximate location 
of the pilot unit in relation to the Brookings airport and stabilization 
ponds. . 
The pilot unit consists of three basins each approximately 15 · 
meters (50 ft) wide by 45 meters (150 ft) long per basin. The three 
basins are labeled as north, middle and south basins from this diagram 
and the individual treatment cells will be designated in this manner. 
The pilot unit is again shown in Figure 3 (12) at an.enlarged scale. 
Only the lower perforated drains are drawn on Figure 3. The new, lower 
drains were installed approximately 1.2 meters (4 ft) north of the old 
upper drains in the north and south basin. The trench in the middle 
basin collapsed during construction requiring the new, lower drain to be 
installed 1.2 meters {4 ft) south of the old upper drain. 
Mode of Operation and Sampling 
The three basins were inundated three times a week in 1977 and 
1 978 . The inundation procedure was changed at the beginning of the 1977 
operating season. In 1975 and 1976, 0.46 to 0.61 meters ( l.5 to 2 ft) 
Pilot 
Unit 
Stabilization 
�----
Wastewater 
Treatment 
Plant 
Farmland 
Figure 2. 
Ponds 
� 
Airport 
J I 
1 I 8 Mi 1 e ( approx . ) 
Overvi.ew of area showing wastewater treatment plant, stabilization ponds, pilot unit, 
and Six Mile Creek (12). 
� 
U'1 
Six Mile 
Creek 
Three foot earth dikes sealed with sheet pl a sti c 
North Ba s i n  - Area 6580 s g . ft . 
· ( 611 m2) 
r--·-·------ --------------
1/{J Sampling / Box 
' 
I 
I 
I 
1 
I 
I 
I 
I 
I 
r! /; 8,. Irri gat i on (� P i� 
�-- --
111 = 40' sca l e: 
Mi dd l e Bas i n  - Area 7350 sg. ft. 
(683 m2) 
______ ____ _  ... __ _ _ _____ _ 
South Basin - Area 6077 sg .  ft . 
(565 m2 ) 
"'-
- - - - - - - - 4" perforated p l a st i c  p i pe 
Brookings 
Stabilizqtion Ponds 
800 ft. 
---- )J. x x >< >< x )( -
F i g ure 3 .  Layout of the p i l ot un i t  s howi ng  three ba s i n s, app l i ca t i on sys tem, a n d  dra i nage  
sys tem to  Six M i l e  Creek as  constructed in  1977 (12). 
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of was t ewater were a pp l i ed one  day and the  ba s i n s  then res ted  for one 
week . The  procedure was changed i n  1 977  to fl ood i ng the bas i n s wi th 200 
mi l l i meters ( 8  i n )  o f  wastewater on Mon day, Wednes day and  Fri day. The 
tota l vo l ume of wastewater rema i ned at 0. 6 meters (2 ft ) per wee k .  
Further c hanges  i n  procedure were made i n  1 978 . Pond i ng pro bl ems 
began to occur on the north and south  bas i n s .  The vol ume o f  was t ewater 
app l i ed was red uc ed to 1 00 to 200 m i l l i meters ( 4- 8  i n )  depend i ng on  the 
i nfi l tra t i on.capac i ty .  The mi ddl e ba s i n  never exh i bi ted  a pon d i n g  prob­
l em and volume of app l i ed wa stewater wa s i n creas e d  to 0 . 3 meters ( 1  ft ) 
per a p p l i ca t i on .  
Al l o f  t he perforated dr�i n s  flowed to a conmon samp l i ng man ho l e .  
Sump p umps  were u s ed to prevent the dra i n s from f l ood i n g  and  al so  to  
di s c ha rg e· t he renovated water to S i x- Mi l e  Cre e k .  The s ta b i li z at i on pond 
effl uent was metered to mai ntai n a con tro l l ed vo l ume o f  water appli ed to 
each bas i n . An add i t i onal meter was i n s tall e d  i n  1 978  i n  the d i s charge  
l i n e  from t he s ump p umps . The new water meter all owed the ca l cu l a t i on 
o f  t he vo l ume of  renovated water recovered .  
The  underdra i n s  were samp l ed u s ual ly  f i ve  t i mes  Wednes day afternoon 
at two- hour i n terval s beg i nn i ng at approx imate l y one  o'clock. F i n al l y, 
the 5amp l es were composited and s tored  at 4°C ( 39°F )  unt i l ana l yz d on 
Thursday morn i ng .  
Method  of An a l ys i s 
The  compo s i te samp l es from the i nd i v i d ua l u n derdra i n s  were stored 
a t  4oc ( 390f) i n  g l ass  contai ners tha t had rece i ved a chromerge  and hot 
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HCl wa s h .  A Techn i con Au to Ana l yzer wa s u sed  t o  mea s ure the  th ree majo r  
forms o f  n i trogen : Tota l kjel da h l ; ammon i a ; a nd  n i t ra te (32, 33, 34, 
35). The procedure u sed for ana1yses  was appro ved  by person n e l  of the 
Uni ted States  En v i ronmen tal Protect i o n  Agency, Kerr  La borator i es , Ada , 
0 kl a ho ma ( ll ) . 
D i s s o l ved oxygen ( DO) wa s 'mea sured a t  the pil ot  uni t s i te us i n g a 
YSI Mode l  57 Oxygen Meter ( Ye l l ow Spr i n g s , Oh i o) . Ta bu l a t i on o f  the 
DO's for t he 1 97 8  opera t i ng sea son.are g i ven  i n  t he Appen d i x .  
The  p H  a n d  temperature were meas ured to determ i n e  the  con cen tra t i on 
of  u n - i on i zed ammon i a  i n  the samp l es .  A F i s her  p H  meter was used  to 
meas u re t he pH wh i l e  a mercury t hermometer was u sed  to meas ure temp­
erature .  
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RESULTS AND D I SCUSS I ON 
I nfluenc e  o f  P i l ot Un i t  on  N i trogen Pr i or to 1978 
The  1978 operat i ng season was a con t i n u i n g  evaluat i on of  the 
n i trogen removal performance  wi th  an i nf i lt rat i on -percolat i on system 
u s i ng s econda ry- treated, s tabi li z at i on pond eff l uen t .  Earli e r  i n ves t i ­
g a t i on s (6, 9� 13, 14) i nd i �ated a h i g h- quality effluen t  from the 
underdrai n s .  However, n i trogen we�oval was n o t  be i ng a ccompli s hed for 
t he
. 
f i rst  two years of  operat i on (11). The thi rd yea r o f  operat i on 
demcnstra ted  i mp roved n i trog en removal s (13). Th i s i n ves t i g ation reports ·  
o n  t he n i trog en removal eff i c i enc i es of an  i n f i ltrat i on - perco l at i on 
sys tem a nd t he method of operat i on to max i m i z e  n i trogen remov al s .  · 
At the  outset  of  t he p i lot s tudy ,  t he i ni t i al i n te re s t  was i n  
n i t rogen a s soci ated wi th  ammon i a- removal capab i li ty i n  a n  i nf i l t rat i on 
system . V i rtual ly all of the s treams i n  So u t h  Da kota a re c l a s s i f i ed a s  
fi sh p ropagat i on water s wi th  str i ngent  ammon i a  s tan dards .  Streams 
c l a s s i f i ed for f i sh  p ropagat i on requi red ammon i a  lim i t s  of 1 . 0 mg/ l  or 
l es s . In 1977, t he ammon i a  lim i ta t i on was changed to 0 . 02 and  0 . 04 mg/ l 
of un- i on i zed ammon i a  wh i c h req u i res mea s u r i ng t he tempe rat ure an d pH to 
d etermi ne comp l i ance  wi th  t he limi t (36). Sea s  (14) con c l uded that  the 
p i lot sys t em cou l d meet the un-i on i z�d ammon i a  s ta n dar d s . The exce l l ent 
ammon i a  r emoval capa bi li ty of i nf i ltra t i on- p erco l at i on  un it s  en able s 
them to be u sed as an alternat i ve for ex i s t i n g s ewage t reatment  fac i l ­
i t i es  i n  meeti ng f i s h  p ropagat i on l i m i ta t i o n s. 
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The s econd con cern reg ard i ng  n i trogen was the n i trate l evel s i n  the  
renovated wastewater. It  appe�red from the  f i rs t  two years of operat i on 
of  t he p i l ot un i t  t hat the  ammon i a  i n  the was tewater was oxi d i zed to 
n i trate s  and t hat t here was very l i t t l e c hang�  i n  tot al n i trogen . 
Therefore, after t he s econd  year of  operat i on , Di c k i n so n  (11) cou l d not  
recommend  i mp l ementat i on of an i nf i l trat i on-perco l at i on sys tem s i nce  
n i trate contam i nat i o n  of t he groundwater coul d occur. 
Attempts  were t hen  made i n  1977 to correct the  n i trate pro bl em at 
the· p i lo t  u n i t . Major mod i f i cat i on s  were made on  eac h  p i l ot un i t  
i n c l u d i n g  i n�tall at i on of perforated dra i n s  at a greater so i l  depth . The  
mode of  o perat i on was al so  c h�nged to three i ntermi ttent  fl ood i n g s  
i ns tead o f  on e total appl i cat i on per wee k .  Eac h  bas i n  con t i n ued to 
rec�i ve  0 . 6 meters (2 ft ) of wastewater; howe ve r, t he f l ood i ng occurred 
on Monday, Wednesday and Fri day i n s tead of  one  day per wee k .  
I nfluen ce of  Pi l ot Un i t . on  N i trog en Removal s i n  1978 
Tabl e 4 i s  a s ummary of t he n i trog en data for t h e  1978 operat i ng 
seaso n .  The data are a compari son of n i trogen con cen trat i on s  among  
upper and l ower drai n s  for t he i nd i v i dual bas i n s .  The effl uent from all 
of t he underdrai n s, except the upper m i ddl e dra i n , d i s p l ayed a s u b­
s ta n t i al n i trogen red u c t i on from the i n fl uen t  concentrat i on .  The upper 
m i ddle drai n has al ways exh i bi ted poorer q ual i ty and earl L�r i n vest; ... 
ga tors s ugges ted t hat short- c i rcu i t i n g  was occurri ng  (6, 9, 14). 
I n fluen t ammon i a  n i trogen concen trat i on s  ranged from 2 . 3 to 19.4 
mg/1 .  However,  excellent ammon i a  removals were reali zed  i n  all of the  
2 1  
TABLE 4 
SUMMARY OF  N I TROG EN DATA 
P I LOT I NF I LTRAT I ON - P ERCOLAT I ON BAS I NS 
BROOK I NGS, SOUTH DAKOTA 
�AY 24 - NOVEMBER 1 5 ,  1 978 
Number  of Concentrat i on mg/ l 
Determi na t i on Samples Max i mum Mi nim.um Median Mean 
Ammon i a  N i trogen 
I n fluent  24  1 9 . 35  2 . 3 1  8 . 40 10 . 2 5 
North U 2 3  0 . 64 0 . 05  0 . 38 0 . 34 
L 24 1 .  01 0 . 6 8  0 . 82 0 . 85 
Mi ddle U 2 3  7 . 98 0 . 38 1 .  6 5  3 .1 5  
L 24 0. 57  0 . 18  0 . 38 0 . 36 
Sou th U 1 9  1 .  58 0 . 20  1 . 1 7  1 . 08 
L 24 1 .  47 0 . 80 1 .  2 3  1 . 20 
Organ i c  N i trog en 
I n fluen t 24 7 . 68 0 . 0 2 .40  2 .78  
North U 2 3  0. 7 5  0 . 0 0 .44  0 .43 
L 24  0 . 6 3  0 . 0 0 . 34 0 . 26 
Mi ddle U 2 3  2 . 27 0 . 26 0 . 98 1 . 03 
L 24 1 .  37 0 . 0 0 . 33 0 .40 
South U 1 9  0 . 83 . 0. 03 0 . 3 3  0 . 36 
L 24 0. 46 0 . 0 o. 19 0 . 22 
Kjelda hl Ni trogen 
I n fluent  24 23 . 00 6 . 80 11 . 50  1 3 . 01 
North U 2 3  1 .  30 0 . 30 0 . 70  0 . 77 
L 24 1. 50 0 . 80 1 . 1 0 1 . 1 2  
Mi ddle U 2 3  10. 00 1 .  2 5  2 . 80 4 .1 9  
L . 24 1 .  60  0 .40  0 . 70  0 .76 
South U 1 9  2 . 00 0 . 60 1 . 40 1 . 44 
L 24  1 .  60  1 . 20 1..42 1 . 4 1 
N i trate  Ni trog en 
2 . 6 0  0 . 35  0 . 89 I nfluen t 24 1 . 00 
North U 2 3  6 . 46 0 . 0 0 . 86 l .6 3  
L 24 2 . 94 0 . 0 0 . 2 1  0 .6 4  
Mi ddle U 2 3  10 . 47 0 . 57 2 .6 1  3 . 94 
L 24 8. 33 0 . 07 0 . 82 2 . 03 
Sou t h  U 1 9  4 . 2 5  0 . 0 1  0 . 1 7  0 . 92 
L 24 5 . 04 0 . 01 0 . 30 0 . 89 
Tota 1 N i trogen 
24 24 . 24 7 . 95 12 . 29 1 4 . 0 1  I n fluen t 
North U 2 3 7 . 46 0 . 35 1 . 86 2 . 40 
L 24 4 . 14  0 . 9 1  1.42 1 .  7 5  
Mi ddle U 2 3  20 .47 3 . 07 4 . 98 8 . 1 2  
L 24 9 . 03 0 . 4 9  1 .  7 2  2 . 79 
South U 1 9  6 . 05 0 . 73  1 . 83 2 . 36 
L 24 6 . 44 1 . 2 5  1 .  86 2 . 3 1  
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dra i n  effl uent s  except t he upper mi ddl e dra i n  effl u en t .  The max i mum 
ammon i a  concen tra t i on i n  t he dra i n  effl uents , ( excl u ding the upper 
m i dd l e dra i n )  mea s ured l . 58·mg/ l .  The renova ted water ( wh i ch had a 
med i an p H  o f  7 . 33 and  a mean tempera ture of 15 . 5°c (60°F)) wou l d  not  
have  di ffi cul ty meet i n g the s tream s tandards  for u n - i oni z ed ammon i a .  
The m i n i mum concen tra t i ons  for organ i c  n i trogen woul d appear to be 
i n  error . Organ i c  n i trogen concentra t i on s  were determ i ne d  by s u b-
cz· 
tract i ng t he ammon i a  n i trogen from. t he kje l da h l  n i t rogen  con centra t i on s . 
A zero concentra t i on of  organ i c  n i trogen fo r s tab i l i za t i on pond effl uen t 
wou l d  s eem to be too l ow. Sens i t i v i ty of t he  ammon i a  a n d  kje l da h l  
n i trogen t e s t s  wou l d  expl a i n  the zero concentra t i on s  i n  t ha t  t hey 
occurred i nfreq uen t l y . 
The mean n i trate concentra t i on wa s we l l  be l ow the  1 0  mg/ l standard .  
The  m i ddl e dra i n  effl u ent  exh i bi ted the h i ghe s t  n i t ra te va l ues . The 
h i g h  n i trate  va l ues  came in the fa l l at  the  end of  the opera t i n g s ea­
s on s . The fa l l  n i trate i ncrea se  corresponded to a s u bs tant i a l i n crease  
of ammon i a  n i t rogen i n  t he s ta bi l i za t i on pond  i nf l uen t .  
Comparison  o f  P a s t  Ni trogen Data wi t h  Present  Ni t rogen Da ta 
F i g ure 4 i s  a s ummary of annua l mean n i trogen conce n tra t i on s  for 
t h e  a pp l i ed renovated wastewater for the years 1975- 1 97 8 .  The samp l e s ,  
for the f i rst  two years of  opera t i on , came from dra i n s  i n s�a l l ed a t  a 
dept h  o f  0.76 to 0. 91 meters (2 . 5 to 3 ft ) be l ow t h e  gro un d s urface . 
La ter ,  i n  t he s pri ng  of 1 97 7 ,  perfora ted dra i n s  were i n s t all ed in each 
ba s i n at a depth  of 1 . 22 to 1 . 37 meters (4 to 4 . 5 ft ) be l ow the g round 
s u rface ( 1 2 ) .  The n ew dra i n s were i nstall ed at  the  g roundwater 
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ta bl e ,  wh i ch was ·  a s  deep a s  poss i bl e  wi th a trencher , i n  a n  a ttempt to 
i n creas e  s o i l to water contact t ime .  The  n ew deeper dra i n s  permi tted a 
comp ar i son  between upper and l ower dra i n  effl uen t s . · 
The mode of  operat i on i n  1 977 wa s a l so  chang ed to promote bi o­
l og i ca l  nitr i f i ca t i on- den i tri f ica t i on �  Wee k l y i n un da t i on s  were changed 
to three fl ood i n g s  per wee k .  The tota l wee k l y  a p p l i ca t i on (0. 6 meter)  
o f  wa stewater wa s app l i ed in  three i n terva l s .  Th e 1 978 season  con t i n ued 
wi t h  three f l oodi ng s per wee k ;  however , the  tot a l  amo u n t  o f  was tewater 
a pp l i ed depended on  the  i nf i l trat i on capaci ty . An a ttempt wa s made to 
prevent excessi ve  pondi ng on  the north and south ba s i n s whi ch had l ower 
i nf i l trat i on rates by decreas i ng the vo l ume of app l i ed wa s t ewater . 
There wa s no  s u bs tan t i a l  nitrogen remova l for the f i rs t  two years 
of o pera t i on .  However ,  there was a change  i n  the forms of n i trogen . 
Mos t  of  t he i nfl u en t  ammon i a  n i trogen wa s ox i d i z ed to n i tra tes  i n  the  
renovated wa ter. The organ i c  n i trog en wa s part l y  reduced in  a l l of the  
effl u en t s .  Al gae wa s occa s i ona l l y presen t i n  t he eff l u en t wa ter whi ch 
m i ght s uggest tha t  s hort- ci rcu i t i ng had occurred ( 9 ) .  The fa ct rema i n s , 
h owever,  t h a t  the  system wa s o n l y  capab l e of  n i tri f i ca t i on the  f i rs t  two 
years of  o p erat i on .  
S u bs eq uent  opera t i on o f  the p i l o t un i t  i n  1 977 a n d  1 978 man i f  s ted 
s ubs tan t i al n i trogen remova l s  i n  the north and so u th cel l s. The avera ge  
tota l n i trogen concentra t i on s  for the se ba s i n s  were be l ow 4. 0 mg/ l . The 
m i ddl e ba s i n d i d  not di sp l ay the same deg ree of n i trogen remova l . 
I n s uff i c i en t  soil -wa ter con tact a nd poss i bl e  short-ci rcui t i ng mi ght have 
produced t he h i g her  va l ues . The maj or form of  n i t rog en i n  the mi ddl e 
2 5  
ba s i n  effl u en ts  wa s n i tra te wh i ch demonstra te s  t h a t  the  was tewa ter was 
be i ng n i tr i f i ed but not  effi ci e�t ly  den i tr i f i ed .  
I n  1978 , a compar i son  between upper mi dd l e a n d  l ower mi dd l e dra i n  
effl uents  r evea l ed a n  improved effl uent q ua l i ty from t h e  l owe r dra i n .  
The wa s tewater  a pp l i ed to t he mi ddl e ba s i n  wa s i n crea s e d  to one  foot pe r 
a p p l i cat i on .  Al thoug h the mi ddl e bas i n  rece i ved s u bs t a n t i a l l y  more 
wastewater  t han  ot her ba s i n s  ( a n  add i t i on a l  foot per wee k ) ,  exten ded 
c . 
pond i ng o f  t he wa s tewater was never ev i den t .  Neverthe l e s s , t he l ower 
concen tra t i on s  of  n i trogen i n  the l ower dra i n  i n  1 978 wou l d  a ppea r to be 
the res u l t of more effect i v e  den i tri f i ca t i on .  Th i s  can p ro ba bl y  be . 
a ttri buted to the  i ncrea se  i n  wa stewa ter moun d i ng and  s o i l  s a t u ra t i on 
a bove t he water  ta b l e that wou l d prevent aera t i on a t  t he  l owe r l eve l s 
a nd p romote the  den i tr i f i cat i on process . By con t ra s t , t h e  upper s o i l 
l ayers wou l d  be aerated thereby i n h i b i t i ng t h e  den i tr i f i ca t i on proces s .  
Ma t�ta t i on I n terva l · tor N i trogen Remova l 
F i g ur e  5 compares the 1 977 and 1 978 n i trogen r emova l eff i c i enci es  
a ch i eved i n  t he l ower dra i n s .  Dra ke ( 1 3 )  fou n d  du r i n g  t h e  i n i t i a l wee ks 
o f  o pera t i on i n  1 977 t ha t  more tota l n i trogen wa s l eached from the south  
a nd m i ddl e ba s i n s  t han  h ad  been a pp l i ed .  By con t ra s t , i n  1 978 , t h i s d i d  
n o t  occur . Approx ima te ly  f i v e  weeks . of opera t i on were req u i red du r i n g  
both  opera t i ng seasons  for t he north a n d  s o u t h  ba s i ns t o  achi eve  an SO 
percent  reduct i on  i n  tota l n i trogen . In 1 978 , effect i ve n i t rogen 
remova l s  were o bta i ned i n  the l ower mi ddl e dra i n a t  a p p rox i ma te l y  the  
same t ime a s  t he others . Th i s  t i me peri od for  t he mi dd l e ba s i n  wa s 
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t h ree  wee ks  s horter than  t h e  prev i ou s  yea r .  T he  ent i re system req u i red 
a bout  f i ve wee ks of  i n unda t i on for ma tura t i on of  the s o i l bacteri a .  I n  
1978 , t he ma tura t i on peri od o f  the m i ddl e ba s i n  a ppears t o  have been . 
s ubstant i a l l y  reduced by i n crea s i n g the  vo l ume of wa s t ewater app l i ed. 
Th i s  r educt i on i n  the so i l  a era t i on wa s effect i ve i n  en hanc i ng  den i tri ­
f i ca t i on .  · H i g h  ni trogen remova l eff i ci enci e s  were ma i nta i n ed i n  the  
·-
m i ddl e bas i n  t hro u g hout  the  s ummer wi t h  some decrea s e  experi enced duri n g  
l a te fa l l  f l oodi n g s .  T h e  north a n d  s o u t h  ba s i ns ma i nta i ned effect i ve 
n i tro g en reduct i ons t hroughout the en t i re opera t i ng s e a son.  
The va r i o u s  forms of  n i trogen for the north ba s i n  i n  1 978  are 
dep i cted i n  F i g ure 6 .  Th i s. f i g ure exemp 1 i f i e s  the  redu ct i on o f  tota 1 
n i trog en a n d  t h e  chang e  i n  n i trogen form t h a t  occurred i ri  a l l three 
ba s i n s  a l t houg h o n l y . t he data for t he nort h ba s i n  are presen ted .  The 
i n f l uen t n i trogen was p rima r i l y  ammon i a  and org a n i c  n i t rogen . Becau se  
effl uent  ammoni a con centra t i on s  effl uent  from bot h  dra i ns were l ow ,  the 
da ta wou l d  i ndi cate  that  ammon i a  n i trog en was rea di l y  a ds orbed or 
n i tr i f i ed even duri ng  t he i n i t i a l fl oodi ng s .  The  m i ddl e a n d  so u t h  
bas i n s  exh i b i ted t he same i n i t i a l  n i tri f i ca t i on capab i l i ty a s  t h e  north 
ba s i n .  Neverthe l e s s , overa l l n i trogen reduct i o n s  were not h i g h  for t he 
f i rs t  f i ve wee k s  beca u se  the n i trate  l eve l s i ncrea s ed. The da ta wou l d 
i ndi ca te t h a t  the  den i tr i f i ers req u i re a l on g er t i me to  reac h  a pop­
u l a t i on l a rge enoug h to ach i eve eff i ci en t  remo va l s .  
I n f l uence · of  Re st  Cycl e on N i trogen Remova l 
The n i tra te concen tra t i on i n  the upper  north  dra i n  effl uen t  
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F i g u re 6 .  Var i a t i on i n  n i trogen forms for north  ba s i n  i n  1978 . 
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i n c rea sed  2 . 5 mg/ l  n ea r  t he end of  t he rest cyc l e .  T h e  re s t  cyc l e 
a l l owed t he so i l  s u rface to dry a nd form crac ks wh i ch perm i tted so i l  
aera t i on a nd  o x i dat i on of  adsorbed ammon i a · n i trogen to n i tta tes . De­
n i tr i f i ca t i on of n i trates p ro babl y wou l d  not .occ u r  due to t he abundance 
of  o xygen a va i l a bl e  to the  den i tr i f i ers . The  h i g hl y  mo bi l e  n i trate  
n i tro g en was t hen  l eached wi t h  t he f i rst  i n unda t i on .  However , by the 
t h i rd wee k a fter t he rest cycl e ,  the up per nort h dra i n  effl uent con­
ta i ned  l e s s  than  0 . 5 mg/ l of  n i trate n i trogen . 
· An i ncrease  i n  n i tra te n i trogen after  t he res t  cyc l e  was not  
o bs erved i n  a ny of t he l ower dra i n s .  The add i t i on a l  so i l  depth  was 
p ro ba bl y  s uffi c i en t  to ma i nta 1 n  an anaerob i c env i ronmen t for the  den i ­
t r i f i ca t i on p roces s .  After the maturat i on per1 od , den i tr i f i ca t i on 
. 
con t i n ued t h roug hout  t he opera t i n g season  a t  t he s e  l owe r depths . 
The  n i trate  concentra t i on i n  the upper  north  dra i n effl uent  i n ­
crea s ed a g a i n  a fter m i d-Octo be r .  Th i s i n crease  may have  been the res u l t 
o f  h i g he r  d i s s o l ved oxygen con cen tra t i on s  a n d  decreased  oxygen demand  
beca u s e  o f  co l der tempera tu res . Wi t h  these  con d i t i on s , d i s s o l ved oxygen 
wou l d p ro ba bl y p enetra te to g reater depths  and reduce den i tr i f i cat i on 
e ffi c i en cy .  
T h e  ammo n i a  n i trogen was approx imate l y  0 . 5 mg/ l h i g her  i n  the 
effl uents  from t he l ower north  and  sou t h  d ra i n s  than  t he correspond i ng 
upper d ra i n s .  The s e  h i g her  va l ues m i g ht be attr i buted  to the l each i ng o f  
ammon i a  f rom s o i l s trata wh i c h had reac hed i t s max imum ammon i um ad­
sorpt i on ca pac i ty .  The ammon i a  adsorpt i on cap a bi l i ty of  t h i s  l owe r so i l 
wou l d not  be rej uvena ted per i od i ca l l y  by aera t i on and  conve rs i on o f  
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ammon i a  to  n i trate s .  G roundwater i n terference  m i g ht a l so  l ea d  t o  t he 
h i gher  ammo n i a  va l u es from t he l ower dra i n s .  
Du r i ng t he fa l l  o f  a l l four  yea rs o f  t he p i l o t un i t  i n ves t i gat i 6 n , 
the  ammon i a  n i trogen concen trat i on of the s ta b i l i z a t i on pond effl uent  
i ncrea s ed . Th i s  i n crea se u s ua l l y  beg an a bo u t  the  l a s t  wee k  of  Au gu st . 
However , i n  1 976 t he ammon i a  n i trogen con cen tra t i on d i d  not  exceed 1 0  
mg/ 1  u nt i l November .  Severa l  factors m i g ht have  cau sed  t h i s i n crea s e .  
Re s ump t i o n  of  t he u n i vers i ty act i v i t i e s i n  t h e  fa l l  co u l d accoun t  for a 
s u bs ta nt i a l  change  i n  wa s tewater chara cter i s t i cs .  The  add i t i on a l  
wastewater  l oad i ng m i g ht reduce t he treatmen t  eff i c i ency of  the tr i ck-
1 i ng f i l ters a nd  s tab i l i za t i o� pond .  Another  po s s i b l e  fa ctor mi g ht be  
the  red uct i on o f  vol a t i l i za t i on of  ammon i a  i n  the  s ta b i l i z a t i on pon d .  
Fa l l  cond i t i on s  wou l d  l owe r t he s ta bi l i za t i on pond  temperature and  
i n h i b i t a l g ae  g rowth .  Lowe r  pH ' s  and  decrea s ed tempera tu res  wou l d  a l s o  
reduce  t he vo l a t i l i za t i on l os s  o f  ammon i a  from t h e  pond .  
Fa ctors Affect i ng N i trogen Remova l s  
I n f i l tra t i on Ra tes 
The  i nf i l trat i on rate i s  an  i mportant  pa rameter  in  the  des i g n an d 
o pera t i on o f  a l and treatment sys tem . So i l s  vary con s i dera bl y  i n  
compo s i t i on a t  a g i ven s i te and  req u i re f i e l d tes t i ng t o  p roper ly des i gn 
t he l a nd  treatment fac i l i t i es .  The En v i ronment a l  P rotect i on Agency 
( EPA ) s ug g es t s  va r i o u s  methods of l and  treatmen t for d i fferent  p hys i ca l  
a n d  hydra u l i c s o i l p ro p ert i es encountered ( 24 ) .  
The p i l ot un i t  i s  l ocated on a f l oodp l a i n  w i t h  a f i n e  text u red ,  
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Lamo u re s i l ty c l ay l oam. Th i s type  rif  so i l  wou l d be con s i dered  s ui tab l e 
for s l ow ra te i n f i l tra t i on or  overl and  fl ow types  o f  l a nd treatmen t 
depen d i ng o n  whether  t he so i l  texture o r  the  i n f i l tra t i on rate  c l a s s ­
i f i ca t i on wa s cons i dered ( 2 4) . 
I n f i l tra t i on data we re cn l l ected for fou r  years  o f  opera t i on .  The 
ba s i n s  were i n unda ted w�e k l y  for the f i rst  two years ; however , after 
1 97 7  an a ttempt was made  to i mp rove den i tr i f i ca t i on by f l ood i ng t h ree 
t imes  dur i ng  each  wee k .  The tota l amount  of was tewater  app l i ed wee k l y 
rema i ned  f rom 0 . 5 to 0. 6 meters  (1. 5 to 2 f t ) p e r  wee k .  The mode  of 
i nunda t i on was c hanged to promote an aera ted  so i l  s u rfa ce b u t  a sat­
urated  l ower s o i l l ayer .  
It  ha s  been  reported (2 1 )  that  fo r den i tr i f i ca t i on , i t  i s  es s en t i a l  
to ma i nta i n  a mo i sture conten t  a bove  60 percent of  t h e  water- ho l d i n g 
capac i ty o f  a s o i l to prevent free oxygen from reach i ng so i l  l ayers . 
Ta bl e 5 i s  a s ummary of  the  i nf i l tra t i on ra tes for  the  p i l o t bas i n s 
fo r t he fou r  years of  opera t i on ( 7 ,  1 0 ,  1 2 ) .  The ta b l e a l so i n c l udes 
the mean n i trogen red uct i ons  fo r these fou r  years .  
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TABLE 5 
I NF I LTRAT I ON RATE 
vs 
N ITROGEN  REMOVAL 
Mean 
· I n f i l tra t i on % N i trogen Remova l  
Ra te Upper  Lower 
Ba s i n  (mm/ hr ) *  Dra i n s Dra i n s 
North  1 975  20  8 
1 97 6  1 5  2 3  
1 97 7  4 74 76 
1 978 4 78 84 
M i dd l e 1 97 5  31  1 7  
1 97 6  34 1 1  
1 97 7  1 9  3 0  2 9  
1 978 22 44 80 
South  1 97 5  18 2 
1 976  1 1  - 1  
1 97 7  4 7 3  68 
1 978 4 7 6  .. 80 
* mm/ hr x 0 . 039 = i n/ hr 
The n o rt h  and  south  ba s i n s a ppea red to rea c h  eq u i l i br i um i n f i l ­
tra t i on rates  a t  a bout  4 mm/ hr. The reduced i nf i l t ra t i on rates  that 
occu rred a fter  f l ood i n g  i nterva l s we re changed i n  1 977  co  res po n ded  to a 
s ubsta nt i a l l y  i mproved n i trogen remova l .  The l a s t  two opera t i ng  season s 
( 1 977- 1978 ) y i e l ded mean n i trogen reduc t i on s  a bove  65  percent  for the  
north and  south  bas i n s .  
Dur i ng t he 1 978 sea son , overa l l n i trogen remova l s  g enera l l y  ex­
c eeded 7 5  p ercen t for these  ba s i ns .  The s e  remova l s  � re s ubs tan t i a l l y  
h i g he r  t han t hose  reported for most  other  h i g h- ra te i n f i l tra t i on un i t s 
( See Ta b l e 3 ) .  H i g h  n i trogen remova l s  d ur i ng t he  l a s t  two years were 
espec i a l l y  s i g n i f i ca n t  because  dur i ng  the f i rst  two ¥ea rs , when the 
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i nf i l tra t i on rates were h i g her , l i tt l e n i trog en remo va l  occu rred . So i l  
co l umn tests  by La nce  suggested tha t  the  percen tage  o f  n i trogen remova l 
i n creases  exponent i a l l y  a s  the i n fi l trat i on  rate  d�creases  ( 2 3 ) . Lance  
�l so s ta ted t ha t  a def i n i te re l at i o n s h i p  between  i nf i l t ra t i on rate and  
n i trogen remova l p ro babl y ex i s ts for a l l s o i l s ,  b ut  i t  may be  d i ffe rent  
for  each  s o i l . 
·-
In 1 97 8 ,  t he m i ddl e ba s i n  had a mea n  n i trogen  red u ct i on of  80 
percent  ba s ed on the l ower dra i n  effl uen t .  The  i nf i l tra t i on rate i n  
1 978  was a ctua l l y  h i g her t han  t he p rev i ou s  year ; howe ve r ,  t here was a 
s u bs tan t i a l  i mp rovement i n  t he n i trogen remova l e ff i c i e ncy .  The i n - · 
crea s ed effi c i en cy wa s p ro babl y d ue to reduced  s o i l a e ra t i on i n  the  
l ower s o i l  l ayers . An add i t i on a l  0 . 3 meters  ( l
. 
ft ) p er  w�e k  of wa s te­
wa ter was a pp l i ed to . the mi ddl e bas i n  i n  an  attempt to satu ra te t he 
l ower s o i l l ayer  and  p rov i de a n  anox i c  en v i ronment .  
F i g ure  5 a l so s howed t hat  the  n i trogen  remo va l e ff i c i en cy rema i n ed 
h i g h a fter t he rest cycl e .  The purpose of  t he re s t  cyc l e  was to i n ­
crea s e  t he i nf i l tra t i o n rates of  the north a n d  s o u t h  ba s i n s nd  m i t i gate 
a pond i n g  p ro b l em that had devel oped i n  t hese  bas i n s .  Imme d i ate l y after 
t h e  rest  cyc l e t he i nfi l tra t i on ra tes i n crea sed  to 3 to  6 t i me s  the  
eq u i l i br i um va l u e ;  however , t he i n f i l tra t i on rates  ret u rn ed to  th  
eq u i l i br i um va l u e i n  a bout  four  wee ks . The i mportan t po i n t  was that  the 
p i l o t u n i t  cont i n ued to p roduce h i g h  n i trogen remova l s  a fter res t i ng the 
so i l  for t hree weeks . These o bse rva t i on s  wou l d  s ugges t that  a an -
aero bi c env i ronment exi sted near the g roun dwa ter ta bl e be l ow the  s u rface 
o f t he bas i n s when f l ood i ng was res umed . 
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Short- C i rcu i t i n g  
S hort- c i rcu i t i ng ha s been a p rob l em w i t h  t h e  upper  dra i n  t i l es 
s i nce  i n i t i a l i n s ta l l a t i on . · Di c k i n son  · ( 11 )  report�d t hat  the renova ted 
water conta i ned a l gae  and  had a h i g h  corre l a t i on between  i n fl uen t  and 
effl u en t  ammon i a  concentrat i on s .  Steps were ta ken i n  1 9 7 6  to reduce the 
poten t i a l  o f  s hort- c i rcu i t i ng by compact i ng a c l ay l ayer on  t he so i l 
s u rface  d i rect l y a bove t he underdra i n s  ( 9 ) . Part i a l  s u cces s was 
a c h i eved wi t h  t he c l ay l ayer ; howeve r ,  DeMers  reported t ha t  the  north 
and  m i dd l e bas i n s con t i n ued to ex h i bi t some s hort- c i rc u i t i ng of  the . 
i nf l uent .  
I n  1 97 7 , t he mode of  opera t i on was changed to  t h ree  wee k l y  f J ood­
i ng s .  W i t h  t h i s c hang e ,  Dra ke ( 1 3 )  reported t ha t  s u bs ta nt i a l  tota l 
n i tro gen reduct i on s  we re ach i eved i n  a l l o f  t he eff l u en ts  except the 
upper m i dd l e dra i n  effl u ent .  The 1 978  opera t i ng season a l so  revea l ed 
t he p o s s i b i l i ty that  d i rect s hort c i rcu i t i ng to t he u pp e r  m i dd l e dra i n  
was o cc u rr i n g .  
The  u pper m i dd l e dra i n  effl u en t  man i fested a s u scept i b i l i ty to 
i nf l u en t  var i a t i on s  after t he rest  cyc l e .  When t he s ta b i l i za t i on pond  
went i nto t he fa l l cyc l e ,  the  ammon i a  n i tro g en con centra t i on demon stra ted 
a s ubstan t i a l  i nc rease  ( See  F i g ure 6 ) . The upper  m i dd l e dra i n  eff l uent  
a l so began  to  i ncrea s e  ir.  both  ammon i a  and  n i tra te  n i trogen concen ­
trat i on s  and  the  tota l n i trogen reduc t i on wa s l es s  than  50 percen t from 
September to November  ( See Append i x ) .  
I n  t he other  e ff l uents , ammon i a  concentra t i on s rema i ned l ow un t i l 
the  f l ood i ng wa s d i scont i n ued i n  November .  The fa ct , that t he ammon i a · 
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l eve l s i n  t he renovated water i n crea s ed on l y  in  t he upper  m i dd l e d�a i n  
pro ba bl y s ugges t s  t hat  s u bstant i a l short-c i rcu i t i n g wa s o c c u rr i n g . 
Temperature a nd  pH o f  t he Mi cro bi a l  Env i ronment  
Lance  ( 2 3 }  has  reported t_hat b i o l og i ca l  n i t r i f i ca t i on and  den i ­
tr i f i ca t i on req u i re s u i ta bl e tempera tures a nd  pH ' ·s for o p t i mum res u l ts .  
Bot h  n i tr i f i ca t i on a nd  den i tr i f i ca t i on fa ·1o r a s l i g ht l y  a l ka l i ne p H  for 
i dea l cond i t i on s .  Den i tr i f i ca t ion  pro ceeds very s l ow l y be l ow p H  5 . 5 an d 
bel ow 1 0°c ( 50°F )  a nd den i tr i f i ca t i on wi l l  p ra ct i c a l l y  cease  at  2oc 
( 36°F ) .  N i tr i f i ca t i on has  an  opt imum tempera ture between  3QOC-35°c 
( 86°F- 95°F ) , d ecreases  a t  l ower tempera t u res  a nd  p roceeds very s l owl y  at  
a tempera t u re o f  n ear freez i ng .  
The r enova ted water a t  t he p i l ot un i t  had a fa vo ra bl e pH  range  for 
n i tr i f i ca t i on- den i tr i f i ca t i o n .  The med i an p H  o f  t he effl uen t s  was 
a pprox i mate l y  7 . 3 .  The so i l  matr i x  equa l i zed the h i g he r  stab i l i z at i on 
pond pH a n d  reduced t he pH to a pprox i mate i y  7 . 2 to  7 . 5 for the  renovated 
water .  
The f i r s t  k i l l i ng frost  wa s recorded on  Octo ber 7 by t he SDSU 
weather  s ta t i o n .  1 Su bsequent l y , the tempera ture o f  t he i n f l uen t dropped 
be l ow 1 0°c (5QOF ) a fter October 1 1 .  From Octo be r  1 1  to p roj ect  s hu tdown 
on November 15 ,  t he eff i c i ency of n i trogen remova l decreas d .  However ,  
1 Person a l  commun i cat i on wi th  Wi l l i am Lyt l e ,  State  C l i ma to l og i s t 
a t  Sou t h  Da kota State Un i vers i ty ,  Broo k i ng s , Sou t h  Da kota . 
• 
36 
the n i tr i f i ca t i on process  con t i n ued effect i ve l y  for a l l effl uents  except  
t he upper m i dd l e d ra i n  effl uent .  Neverthel e s s , t he den i t ri f i cat i on 
p roces s  wa s i n h i bi ted from October  1 1  t6 s hutdown i� the  l owe r m i ddl e 
dra i n  e ffl uent  a nd t he upper north dra i n  effl uen t .  N i tra te con cen­
tra t i on s  began  to i ncrease  in  the l ower south  dra i n  effl uent  after  
Novembe r 1 .  Upon exam i nat i on of the tempera t u re da ta ( See  Append i x ) , i t  
a ppea rs t ha t  t he n i tra te concentra t i on i nc rea se d  whe n  t he renovated 
water temperature dropped be l ow 1 6° c ( 6 1 ° F ) . The n i trogen  remo va l  
effi c i ency cont i n ued to exceed 80 percen t for t he  l ower north  and  south  
dra i n  e ffl u ents  unt i l  t he renova ted water tempera t u re decreased  bel ow · 
So i l  Type  and  Organ i c  Source 
The so i l  s urvey ma p ( 3 7 ) i n d i ca tes  t ha t  the p i l ot un i t  i s  l ocated 
on  a n  a l l uv i a l  f l oodp l a i n  and  t he so i l  i s  c l a s s i f i ed a s  Lamou re s i l ty 
c l ay l oam.  The c l ay content ra nges from 21  p ercent to 38 percent in  the 
s o i l prof i l e  { 3 7 ) .  The so i l wou l d not be c l a s s i f i ed as  s a t i sfactory fo r 
h i g h  a p p l i ca t i on s  of water d ue to the l ow permea bi l i ty ( 24 ) . Never­
the l e s s , t h i s s i l ty c l ay l oam d i d  posse s s  a h i g h  t reatmen t ca pab i l i ty .  
The cat i on exc hange capac i ty i s  very h i g h  for t h i s type  o f  so i l  ( a p­
p rox i mate ly  40 meq/ lOOg ) .  The so i l  a l so conta i n s up  to 2 0  percent 
organ i c  matter .  
Heterotroph i c den i tr i f i ers  requ i re an  organ i c  carbon source  for 
energy and  g rowt h .  Four  po s s i bl e  sou rce s  of  o rgan i c  carbon m i g ht i n c l ude 
t he s o l u bl e BOD i n  the wa stewater , decay i n g  roots or vegeta l matter , 
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a l ga e wh i c h penetrated the  so i l  s urface , a nd  t he  l aten t  o rg a n i c  matter 
in  the  a l l uv i a l  so i l .  
The p i l o t un i t  has  accomp l i s hed h i g h  n i trogen red�c t i o n  for two 
years w i thout  a dd i t i on of s upp l ementa l  carbon to t he so i l . Met hano l  a n d  
g l ucos e  h ave s erved a s  s upp l ement�l carbon sou rces  for l a bo ra tory 
stud i es { 2 2 ) .  A def i c i ency i n  carbon cou l d i n h i b i t  t he den i t ri f i ca t i on 
process  a ccord i ng to research done by Lance ( 2 2 ) . However , i t  wou l d  
a ppear that  ca rbon  wa s not a l i m it i ng factor a t  t he p i l ot un i t  d u ri ng  
the fo u r  years  o f  o perat i o n .  Un l ess  the organ i c  carbon  becomes ex­
hausted , t he p i l ot u n i t  wi l l  probab ly  cont i n ue  to  be  effect i ve i n  
den i tr i f i ca t i on i n  f ut u re years . · 
Di sso l ved Oxygen 
La n ce { 38 )  s ta ted tha t  the amount of oxygen ava i l a bl e i n  s o i l 
f l ooded w i th wa stewater i s  a cr i t i ca l  factor affect i ng n i trogen  remova l s  
and decompos i t i on of  organ i c  matter. Org an i c  ma tter can be decomposed  
by e i ther  aero bi c or  a naerobi c react i ons , but the  aero b i c  react i on s  are  
faster .  Saturated so i l s  l i m i t  the d i ssol ved oxygen i n  the  so i l  and  
a l l ow ut i l i za t i on of n i trates by the  mi croorgan i sms . The d i s so l ved 
oxygen concen tra t i ons  we re routi ne ly  determi ned a fter t he three-week  
rest cyc l e ( See Appen d i x ) . The  l owe r north and  south  dra i n  e ffl uents 
had concen tra t i ons  l ess  than 1 . 0 mg/ l un ti l November .  However , t he 
upper no rth a n d  south  dra i n s  and both mi dd l e dra i n  effl uents
 exceed d 
2 . 0 mg/ l o f d i s so l ved oxygen pri or to November.  The d i s so
l ved oxygen 
l eve l s i n crea sed dur i ng the fa l l  months of Octobe r  and
 November .  
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The den i tr i f i ers are facu l tati ve organ i sms t ha t  w i l l  u s e  e i ther  
oxygen or n i tra tes  a s  term i na l  e l ectron acceptors wh i l e  ox i d i z i ng 
organ i c  matter . However , t he den i tr i f i ers wi l l  u se  fre e  oxygen when 
ava i l a b l e i n s tead of n i trates becau se there i s  a g reate r ene rgy re l ea se 
( 1 8 ) .  Therefore , to ach i eve effect i ve den i tr i f i cat i on , t h e  d i s s o l ved 
oxygen concentra t i on must  be m i n im i zed in  t he so i l .  Du r i n g  t he fa l l 
cyc l e ,  t he d i s s o l ved oxygen penetra ted deeper  i n  the  s o i l p ro f i l e . 
S imul tan eous l y ,  t he n i trate concentra t i on s  started to i n c reas e  wi t h  the  
co l der  tempera tu res , h i g her  d i sso l ved oxyg en l eve l s a n d  h i g he r  ammon i a  
l eve l s o f  t he i nf l uent .  V i o l at i ons  of poten t i a l  d i s c harge  s t a n dards  
cou l d t hen  be  of  a concern wi th  a l a nd treatment  system . 
Ab i l i ty . O f  Sys tem t o  Meet D i scharge Standards 
Du r i ng  t he l a s t  two years of opera t i on (1 977 , 1 978 ) t he i n f i l ­
trat i on- perco l a t i on sys tem was qu i te effect i ve i n  red uc i n g the  n i trogen 
content  of  the  s ta bi l i za t i on pond eff l uent .  Ta b l e 6 i l l u s t ra tes  the  
a bi l i ty o f  t he p i l ot un i t  to  meet ammon i a  n i trogen a n d  n i t ra t e  n i trogen 
standa rds  for t he fou r  yea rs of opera t i on .  The upper  d ra i n  effl uents  
frequent l y  i ncurred ammon i a  n i trogen and n i trate n i trogen  v i o l a t i on s  
duri ng t he 1 975  and  1 976  operat i ng sea son s .  Nevert he l e s s , a ft e r  
chang i ng t he mode of  opera t i on i n  1977 ,  the n i tra te n i trogen  s tan dards  
were never v i o l a ted i n  the north and south ba s i n s ba sed  on  samp l e
s from 
t h S ,· m 1· 1 a r l y , there were few v i o l a t i on s o f  0 . 02 un-e same upper  dra i n s . 
i on i zed ammon i a  sta nda rd or the 2 . 0 mg/ l aqueous  ammon i a  n i trogen 
s tandard i n  t he samp l es from these dra i n s . 
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TABLE 6 
COMP L I ANCE  OF N I TROGEN FORMS W I TH 
P OTENT I AL D I S CHARGE STANDARDS ( 39 )  
N i trogen Form 
L i m i t i ng Percent of  Samp l es Exceed i ng Standa rd 
Standard 1 9 7 7  1 9 78 
and SamEl e (mg/ l ) 1 97 5  1976  UEper  Lower ueEer Lower 
Ammon i a  N i trogen 
I n fl uen t  1. 1 96 98 1 00 1 00 1 00 1 00 
N - Effl uent 1 . 1 68 . -54 3 6  0 0 0 
M - Effl uen t 1 . 1 72 45  73  0 65  0 
s - Effl uent  1 . 1 56 13 9 0 63  75  
I n fl uent  2 . 0 84 . 85 1 00 1 00 1 00 1 00 
N - Effl u en t  2 . 0 56 28 0 0 0 0 
M - Effl uent  2 . 0 60 24 36  0 43  0 
s - Effl uent  2 . 0 40 3 9 0 0 0 
Ammon i a  N i trogen · ( un- i on i zed ) 
I nf l uent  0 . 02 100 100 1 00 
1 00 
N - Eff l u en t  0. 02 0 0 0 0 
M - Effl uent  0 . 02 50 
0 52 0 
s - E ffl uent  0.  02 0 0 0 
0 
Ni trate  N i' trogen 
I nfl uent  10  4 0 
0 0 0 0 
N - Effl uent  1 0 36 19 
0 0 0 0 
M - 36 19  9 8 9 
0 
Effl uent  10  
s - 56 4 1  0 
0 0 0 
Effl uen t 1 0  
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Ba sed o n  t he a queous  ammon i a  standard of 1 .  1 mg/ l the p i l ot 
un i t  was l es s  effect i ve .  Th i s  wa s espec i a l ly  ev i dent i n  1 978 based  on  
the  sou t h  bas i n  effl uent .  The upper south dra i n  effl uent  v i o l a ted t he  
1 . 1 mg/ 1 aq ueous  ammon i a  standard 63 percent of  the  t i me but  n e ver  
v i o l ated t he 2 . 0 mg/ l  aq ueous  ammon i �  s tandard .  V i o l a t i o n s  o f  the  
a mmon i a  s tanda rds  u s ua l l y occurred i n  l ate fa l l .  
Ba sed  o n  samp l es from the l owe r dra i n s i n s ta l l ed i n  the  s p r i n g  o f  
1 97 7 ,  t he p i l ot un i t  was much more effect i ve i n  meeti ng both  t h e  
ammon i a  a·nd  n i trate s tanda rds . The ammon i a  n i trogen con cen tra t i on s  i n  
t h e  effl uent  from t he upper m idd l e dra i n  exceeded the standa rds  i n  1 978 . 
The un- i o n i zed ammon i a  standa rd wa s vi o l a ted 52 percen t o f  the  t i me 
ba sed on  s amp l es from t he upper mi ddl e dra i n .  The n i tra te n i t rogen 
# 
l i m i tat i on wa s v i o l a ted o n l y  two t i mes dur i ng the l a s t  fo� r wee ks of  
opera t i on .  The l ower m i dd l e dra i n  effl uent never v i o l a te d  the  ammon i a  
o r  n i tra te s tandards . The add i t i ona l  vo l ume of wa s tewater  s up p l i ed to  
the m i dd l e ba s i n  a fter t he res t cycl e appeared to imp ro ve n i trogen 
con tro l by reduc i ng s o i l aerat i on . 
· · Potent i a l Impact on De s i gn Cr i teri a 
The Broo k i n g s  p i l ot un i t  s i te wou l d not be con s i dered  s u i t ab l e for 
ra p i d  i nf i l tra t i on by most  cri ter i a . Accord i ng to pub l i s hed  l i te a tu
re 
(24 ) , t he re l a t i vel y t i g ht s i l ty cl ay l oam so i l  wi th  a c l ay con tent  o f  
approx i mate ly  30 percent (37 ) wou l d  not be ca pabl e of  hand l i ng t h e  
usua l  hydra u l i c  l oa d i ng s  (24). Neverthel ess , t h e  
p i l ot un i t  h a d  over 
thi rty feet of wa ste\yater app l i ed each  year and opera t i ng pe
r i ods  were 
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not  l onger  t ha n  s i x  months  per year  . . The permea bi l i ty o f  t he s o i l a n d  
t he h i g h  wa ter ta bl e req u i red the i ns ta l l at i on of  underdra i n s and  a p ump 
system to p reven t excess i ve . mound i ng of the water  t ab l e .  N i trogen  
l oad i ng i s  u s ua l l y  con s i dered the l i m i t i ng factor w i
-
t h a l an d  a p p l i ­
ca t i on system ; however , the Broo k i n g s  p i l ot un i t  d i d not  exh i b i t a 
s er i ous  n i trogen l each i ng  probl em . Ba sed on a t h i rty - foot  was tewater  
a p p l i ca t i on an d mean tota l n i trogen con c�ntra t i on of  14  mg/ l  t he tota l 
n i trog en a pp l i ca t i o n rate wa s 1 140 l bs/acre.  Th i s  l oa d i n g far exceeds  
any a l l owa bl e n i trogen upta ke ra te for p l a nts  ( 1 9 ) . Therefo re , i t  i s  
as sumed t ha t  t he exce l l ent  n i trog en remova l s  we re d ue p r i ma ri l y  to 
b i o l og i ca l  n i tr i f i ca t i on- den i tri f i ca t i on proces se s . 
The mean n i trogen remova l wa s approx i matel y 80 percent for 1 9 78 .  
As s um i ng t h e  r ema i n i n g 20 percen t was converted t o  n i tra tes , t he n i tra t e  
concentra t i on wou l d  be o n ly  2 . 8 mg/ l . Consequen t l y ,  i t  wou l d  a ppea r 
t hat t he p i l ot u n i t  wa s not necessari ly  l i m i ted by t he n i trogen  l oa d i n g . 
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SUMMARY 
The h i g h- ra te i n f i l tra t i on p i l ot un i t ,  a s  con s tructed  i n  1 9 74 , was 
success fu l  i n  n i tr i f i ca t i on of stab i l i z a t i on pond e ff l uen t .  However ,  
t he i n i t i a l  two years  o f  opera t i on ( 1 975 and  1 97 6 )  we re u n s ucce s s fu l  i n  
tota l n i trogen reduct i on because of the product i on o f  . n i t ra te n i trogen . 
I n  1 977  a nd  1 978 , wi th  more frequent  app l i ca t i on s  o f  was tewa ter , 
the mean tota l n i trogen concentrat i on s  Were l es s  t han  4 . 0 mg/ 1  fo r the  
north  a nd  .s outh  ba s i n  effl uents  resu l t i n g in  an ove ra l l reduct i on i n  
tota l n i trog en o f  o ver 7 0  percent .  The mean remova l effi c i ency i n  1 978 
was i ncreased to 80 percent i n  the north and south  ba s i n s u s i n g  t he 
l ower dra i n s .  
The m i dd l e dra i n  effl u ents d i d  not ach i e ve t he s.ame h i g h n i t rogen 
remova l s  as  t he nort h and south ba s i n  effl uents  i n  1 9 77 . However , tota l 
n i trogen red uc t i on s  a bove 80 percent were ach i eved i n  the  l owe r m i dd l e 
dra i n  a fte r a n  e i g ht-week  matura t i on per i od .  N i t ra te n i t rogen p roduct i on 
and n egat i ve n i trog en remova l s  that occurred i n  ear l y  1 97 7  l owe red the 
annua l mean tota l n i trogen red uct ion  to about  30 percen t .  I n  1 9 78 , t he 
l ower m i dd l e d ra i n  effl uen t  had a s ho rter matura t i on pe ri o d  and  n ever 
decreased be l ow 30 percen t to ta l n i trogen removal .. The comb i n at i on of  
improved tota l n i trog en reduc t i on s  at  a s horter matura t i on per i o d  p ro ­
duced a n  overa l l mea n tota l n i trogen reduct i on of  8 0  percent  for he 
l ower m i dd l e dra i n  effl uen t .  
Compar i son of  t h e  l ower dra i n  effl uent t o  upper d
ra i n  eff l u en t  
i nd i ca tes t ha t t he maj ori ty o f  the n i trogen remova l o
ccurs  i n  t he 
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upper 76 cen t i meters ( 3 0 i n ) of  so i l . . Du r i ng t he l ate  fa l l w i th  co l der  
cond i t i on s , t he n i trogen remova l s  were · s u sta i n ed at  the  l ower l e ve l s 
wherea s t hey decrea sed at  the s ha l l ower depths . 
Excel l en t  n i trogen remova l s  we re obta i ned a t  t he l owe r d ra i n  depths  
a fter a t hree-wee k rest  cyc l e .  Samp l es i nd i cated an  i n c rea se  of  n i ­
t ra tes  i n  t h e  upper- l eve l  effl uen � ,  but  not at t h e  l owe r depth .  The  res t  
cyc l e a l l owed t he system to i n crease the $O i l  i nf i l t ra t i on r a t e s  w i t hout  
sacr i f i c i ng t he n i trogen remova l eff i c i enc i es .  
Several  facto rs i nf l uence the ab i l i ty of  a h i g h - rate  i nf i l tra t i on 
sys tem to red uc e  t he tota l n i trogen concentrat i on of  renova ted water . 
The most  i mportant  fa ctor appears to be t he mode of  opera t i on .  I n  1 977 , 
a fter c ha ng i n g  t he week l y fl ood i ng cycl e  to every o ther  day , t h e  p i l ot 
un i t  a c h i eved tota l n i trogen reduc t i ons  i n  a l l of  t he u nderd ra i n s . The 
i mp rovemen t wa s more dramat i c in  the north and south  ba s i n s ; a l t hough , 
even t he l ower m i dd l e dra i n  d i sp l ayed an i mproved tota l  n i t rogen  re-
d uct i on .  
The mean i n f i l trat i on rates s u bsequent l y  were reduced to a pprox -
i mate l y  7 5  percent for t he north and sout h ba s i n s  after  t he mode  o f  
operat i on was c hanged .  The to ta l n i trogen reduct i on effi c i en cy ros e  
from 0- 2 0  p ercen t t o  approx imate ly  7 5  percen t .  T he  reduced i nf i l t ra t i on 
ra te p rov i ded l onger so i l - to-water contact for the b i o l og i ca l  p roce s s e s  
i rivo l ved i n  n i trog en remova l . 
Ba sed on  t he h i g h  correl at i on between i n fl uent and  effl uen t q u a l
i ty 
of the u pper m i dd l e dra i n ,  i t  wou l d  appear that short-c i r
cu i t i ng con -
ti nued t o  be a p robl em i n  the m i ddl e ba s i n .  
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The s o i l type at  t he i n f i l tra t i o n un i t  s i te wa s espec i a l l y  s u i tab l e 
for s u pp l y i n g a source of carbon es sent i a l  for den i tr i f i ca t i on . The 
s o i l  conta i n s  u p  to  20 per cent  organ i c  ma tter i n  t he u pper  l ayer .  
Add i t i ona l carbon was not  added to  the so i l  except that  con t r i buted  from 
t he a l gae  or so l u bl e BOD i n  the app l ied was tewater .  
D i s s o l ved oxygen concen trat i on s were l es s  than  1 . 0 mg/ l  i n  l ower 
dra i n  e ffl u en t s  of  t he north and south ba s i n s unt i l  Novembe r  1 ,  1 9 78  • 
. 
Mi n i mi z i n g t he f ree oxygen penetra t i on pro bab ly  bro u g ht a bout  t he 
ut i l i za t i on of  n i trate  by t he fa cu l tat i ve den i tr i f i ers . 
The  s i g n i f i ca n t  i mp l i cat i on of th i s i n ves t i gat i on i s  t hat  a h i g h­
ra te  i nf i l tra t i on system wi th  a h i g h  �round water ta bl � a n d  a compa r­
a t i ve l y  t i g ht so i l can  produce effect i ve n i trogen remova l s t h ro ug h  
frequent  wa st ewater a p p l i ca t i ons . The hydrau l i c con d i t i o n s  req u i re d  the . 
i ns ta l l a t i on of a pump sys tem to hand l e the l arge vo l ume o f  was tewater  
app l i ed .  Howe v e r ,  t he a b i l i ty of the  system to  meet  un- i on i z ed ammon i a  
s tanda rds  and  not v i o l a te a n i tra te n i trogen l im i ta t i on  o f  d i s cha rges  to 
the g roundwater  ma kes rap i d  i n fi l tra t i on a pract i ca l  a l te rn a t i ve fo r the  
treatmen t o f  s ta b i l i za t i on pond  effl uent .  
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CONCLUS IONS  
. Eva l ua t i on o f  t he n i trog en data c6 l l ected . a t  t he  B rook i ng s  h i g h- ra te 
i nf i l trat i on system l ed to the fo l l owi ng  conc l u s i on s :  
1 .  I n  1 978 ,  t he h i g h- rate i n f i l tra t i on- perco l at i on system pro duced 
renovated wa ter from the north  and south  ba s i n s  that 
conta i n ed l es s  than 3 . 0 mg/ l  of tota l n i tro g en . The  3 . 0 
mg/ 1 concentrat i on represented a n  80 percent  remova l o f  
t9ta l n i trogen . 
2 .  The upper  m i ddl e dra i n  effl uen t  cont i n ued t o  exh i b i t 
character i s t i c s of s hort- c i rcu i t i ng of  t he app l i ed i n f l u en t .  
Ammon i a  and  n i trate concen tra t i ons  o f  the  f l ow i n  t he  upper  
m i dd l e dra i n  var i ed wi th  the  i nfl uent con cep t ra t i on s  a fte r 
t he three-week  rest cycl e .  
3 .  The h i g h- rate i nf i l trat i on- perco l at ion  sys tem req u i red  
approx imate l y  f i ve wee ks of  matura t i on before n i trogen 
r emova l s  exceeded 70  percent in a l l of  t he u n de rdra i n  
eff l uents  ( exc l ud i ng upper m i dd l e dra i n  effl uent ) . 
4 .  The mean n i trog en remova l effi c i ency i n crea sed from 2 9  
percent to 8 0  percen t i n  the l ower m i dd l e d ra i n  effl uen t 
f rom 1 977  to 1 978. An add i t i onal  week ly  a pp l i ca t i on o f  
0 . 3 meter ( 1  foot ) o f  wastewater wa s added to  t he m i d d l e 
dra i n  i n  1 978 to m i n im i ze  the free oxygen penetrat i on i n to 
t he so i l  p rof i l e . 
5 .  The most i mportant  factor for effect i ve n i trogen con t ro l  
d f t i on The i n f i l t ra t i on -a ppears t o  be the mo e o opera · 
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perco l a� i on system wa s a bl e to  n i t r i fy the  wa s tewater fo r 
t he f i rst two years of wee kl y fl ood i ng s  ( 1 975- 1 9 76 ) . However , 
t he i n f i l trat i on- perco l a t i on system d i d  not  produc e  s u bs tan t i a l  
tota l n i trogen remova l s  un t i l  the wee k l y  f l ood i ng s  were 
c hang ed to ev ery other day .  
6 .  When  the  method of fl ood i ng wa s changed , t he i n f i l tra t i o n rates 
dropped 300 to 400 percent in the north and s o uth  bas i n s .  
The  n i trog en remova l eff i c i ency exh i b i ted t he  i n verse  effect 
and dramat i ca l ly  i n crea sed . Thus , decreased  i n f i l t ra t i on 
rates  res u l ted i n  h i g her n i trogen remova l s .  
7 .  Tempera ture of the m i crob i a l . en v i ronment appeared  to be a 
s i g n i f i cant  factor i n  ma i n ta i n i n g n i trogen remova l d u r i n g  the  
l a st four weeks  of opera t i on .  The l ower north  a n d  s o u t h  
dra i n s wi th  warmer effl uent tempera tures con t i n ued  to  exh i b i t  
80% n i trogen removal  wh i l e  the upper dra i n s  revea l e d  a decreas e  
i n  n i trog en removal  eff i c i ency .  
8 .  Ca rbon  h a s  not  been a l i m i t i n g factor to t h e  e ff i c i en cy of 
den i tr i f i ca t i o n at  t h i s s i te .  Supp l emen ta l carbon  was not 
added to the  h i g h ly  organ i c  Lamoure s i l ty c l ay l oam , wh i ch 
conta i n s  approx imate ly  20 percent organ i c  matte r .  Un l es s  t he 
organ i c  car bon  becomes exhausted , i t  appears t he  den i tr i f i cat i on 
p roces s  cou l d con t i n ue i n  future years . 
9 .  Free oxyg en penetra t i on appears to l i m i t  t h e  den i tr i f i cat i on 
p rocess  wi th  the  l a nd system .  Du r i ng the  fa l l  cyc l e  w i t h 
4 7  
co l der t emperature ,  t h e  d i sso l ved oxygen con cen tra t i on 
i ncrea sed  a l ong  wi th  the n i tra te n i trogen concentra t i ons . 
10.  The  h i g h- ra te i nfi l tra t i on sys tem prov i des  a n  effect i ve method  
for  meet i n g n i trate n i trogen ( 1 0 mg/ 1 ) a n d  Li n - i on i ze d  ammon i a  
n i trogen ( 0 . 02 mg/ l ) sta nda rds . On l y  t he upper  m i dd l e 
dra i n  effl u en t  v i o l a ted the standa rds du r i n g  t he 1 978 
o pera t i ng season . 
<.I 
11. A s u bs tant i a l  rest  peri od to i n crease t he i n f i l t ra t i on ra te  
does  not  necessar i l y  decrease t he  n i trogen remo v a l  
eff i c i ency o f  a n  i nf i l tra t i on system i f  t h e  l owe r s o i l i s  
not  e ffect i ve l y  a erated . Tota l n i trog en remova l s  after  the  
rest  cycl e exceeded 85  percent at  t he  l owe r dep t h s  whereas  
a n  i ncrea se  in  n i tra te n i trogen wa s obs e rv ed in  the  upper  
dra i n s .  
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RECOMMENDAT I ONS 
T h i s  i n v es t i g a t i on revea l ed s e v e ra l a rea s . re l a te d  t o  n i t ro g e n  
contro l t ha t  c o u l d h a ve been s t u d i e d f u r t h e r  a t  t h e  i n f i l t ra t i o n ­
p erco l a t i o n s i te .  Re c ommen da t i o n s  fo r futu re s t u dy a re a s  fo l l ows : 
1 .  Op e ra t i o n o f  t he p i l o t u n i t  i n  1 97 7  a n d  1 978 wa s a l way s 
t e rm i n a t ed i n  t he fa l l be fore any s i g n i f i ca n t  t re n d s  
cou l d b e  e s ta bl i s hed fo r n i t ro g en con tro l u n de r  a d v e r s e  
c o l d  t emp e ra t u re s .  S p r i n g  o p e ra t i o n s  s t a r t e d  i n  l a t e  
May wh i c h wa s a p p rox imat e l y  2 mon t h s  a fter t he i n f l u en � e 
o f  wi n t e r  con d i t i on s  a n d  spr i n g thaw o n  s to r ed n i t ro g e n  
i n  t he so i l  h a d  e l a p se d .  The p i l o t un i t  p ro ba b l y  
c o u l d h a v e  been o p era ted t h ro ug h De cembe r an d o p e ra t i o n s  
r e s umed a ga i n i n  ear l y  Ap r i l to p ro v i de t h e  a d d i t i on a l  
i n fo rma t i o n .  
2 .  I t  wou ld  be a d v a n t a g eo u s  to ta ke so i l  s amp l es a t  t he 
re s e a r c h s i te wi t h i n t he fl ood i n g ba s i n s  to d e t e rm i n e  
t he organ i c  c a r bo n  con ten t o f  the so i l .  S u f f i c i e n t  
ca r bo n  m u s t  be a va i l a bl e to t h e  den i t r i f i e r s  i f  n i t ro g e n  
remo va l i s  to be co n t i n u ed . S u p p l emen ta l ca r bo n  c o u l d 
be a d d e d  i f  s o i l  cond i t i o n s  req u i red i t . 
3 .  Re d o x  pot e n t i a l  meters cou l d  be i n s t a l l ed i n  t h e  s o i l  
to f u rt h e r  mo n i to r t he m i c r o b i a l  en v i ro nmen t .  T h e  redox 
met e rs wo u l d  i n crea se t h e  u n d e r s t a n d i n g of t h e  r e d u c i n g 
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c o n d i t f o n s  i n  t he l owe r s o i l  l ayer s .  The redo x me t e r s  
a l s o c o u l d b e  u s ed t o  s u bs tan t i a te t h e  met h o d  o f  
n i t r o g en r emo v a l  o c c u rr i n g t h e  so i l  sys tem. 
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P.es t Cycle 
. 8 - 9  1 .  00 l .  co o. 07 l. 07 0. 33 0. 4(l 0. 65 1 . 05 1 . 2 5  un 0.  05 · u s  
8- 1 6  1 .  00 1. 00 0. 1 5  l . 1 5  0 .  32 0. 50 0.  22 0. 72 l . 47. I. 50 - 0 .  36 1 . 8 6  8 - 2 3  0.  9 0  0. 9 5  c. 05 I .  00 . 0.  3 1  o. 55 0. 07 0 . €2 1 . 29 1 .  60 O. C4 1 .  64 
t - 3 0  0. 9 8  1 .  00 0. 00 ! .  OU 0 . 3 5  u. 5 0  u .  0 7  0 .  5 7  l .  33 l , (Q a . oz i . c; z  
9 . 5  I .  00 l . 10 0. 08 1 .  18  o.  42 0. 60 O .  ll:l 0. 78 l . 24 l .  30 o . n 1 . 4 3  (Jl 9- 1 3  0 .  ':)2 0. 92 0 . 07 0. 99 0 . 4 1  0. 4 1  O. Z l  0. 6Z 1 .  42 l . 42 0 . 03 l . 4 5  (Jl 
9-20 0. 85 0 . 8 5  o .  0 7  0. 92 0. 40 0. 4 0 0 . 09 0 . 4 9  l .  4 3  l .  50 (J, 0 1  1 .  S l  
9 - 2 7 0. 8 1  0. 90 0. 04 o. 94 0. 42 0. 60 !l.15 0. 75 l. 34 l. 50 0. 02 l .  52 
10- 4 0 . 80 0 . 80 0. 1 1  0. 91 r; . � 2  (l, 5 0  0.  J l  0. 8 1  1 .  33  Ull 0. 01 !.  5 1  
10- 1 1  0. 8 1 1 . 1 0 C. 12 1 . 22 0. 38 0. 70 0 . 4 5  1 . 16 1 .  3 \  1 .  5 0  O . G2 l .  52 10- 18 0 . 82 1 .  7() 0. 1 4  1 .  j4 0. 4 1  c .  70 2 . 50 J . 20 1 .  2 3  1 .  40 0 . 1 6 l . �6 1 0-ZS 0. 85 l .  Z S  0. 1 7  1 . 42 0. 42 0. 90 . 3 . 95 4 . 85 1 . 23 1 .  50 0 . 1 7  l .  6 7  
1 1 - 1  0. 60 l . 1 0  o. 2 1  l .  :10 C. 42 0. 70 7. 60 8 . 30 1 . 1 7  l . 50 0. 36 1 . 86 
1 1 -8 0. 87 1 .  50 0. 26 1. 76 0. 4 7  1 . ()0 7. 76 8. 7 6  � . 20 1 . 60 1 . 06 2. o6 
1 1 - 1 5 0. 77 1. 20 0. 34 1 .  54 0. 35 0. 70 S. 33 9. 0J 1 . 17 1 . 40 1 . 67 3. 07 
Kean (10.ZS) (13. 01 ) ( 1 .00) (14. 01) 0. 85 1 . 12 C. 64 1. 75 0. 31; 0. 76 2 . 03 2 . 79 1 . 20 l . • 1  0. 89 2.  31 
5 6  
N I TROGEN REMOVAL E F F I C I ENCES FOR BOHi UPPER AND LOWER DRA I N S DU R I NG 1 978 
Nor th Mi ddl e Sou t h  Date Upper Lower Upper lower Upp e r  Lower 
5-24 76. 1 74. 1 24. 5 7 5 . 5 3 5 . 9 73 . 7  
5-31 4 5. 7 47. 9 55. 8 36. 5 24 . 8  40 . 3  
6-7- 25. 7 60. 2 50. 4 60. 7 39. 7 35 . 9  
6-14 28. 2 66. 1 52 . 1 50. 8 64 . 6  39 . 9  
6-21 37. 5 68. 8 45. 4 65. 2 7 1 .  5 6J . • 9 
6-28 79. l 86. Y 81. 4 86. 0 83 . 3 87 . 1  
7-5 73. 8 75. 3 52. 3  82. 1 79.' 2 78. 0  
7-12 81. 0 75. 0 53. 0 86. 0 78. 0 80 . 0  
7- 19 85. 6 79. 6 48. 3 82 . 8  7 7 . 4  82 . 8  
Rest Cyc le  
8-9 60. 2 88. 7 57. 2 88. 9 74 . 3  86. 8  
8- 16 89. 0 91. 8 75. 4 94 . 9  87 . 6  86 . 7  
8-23 91. 6 88. 8 48. 9 93. 0 86 . 3  8 1 . 6  
8- 30 92. 9 88. 2 63. 6 93. 2 83 . 3  83. 2 
9-6 93. l 89. 8  37. 5 93. 2 
8 7 . 3 8 7 . 6 
9- 13 97. 2 91. 9 50. 9 
95. 0 94 . 1  88. 2 
9- 20 96. 8 93. 6 
48. S 96 . 6  92 . 2  89. 5 
9-27 95. 4 93. 8 43. 9 95. 0 92 . 5  90. 0 
10··4 96. 4 94. 7 27. 9 95 . 3  95. 4 91 . 3  
10-11 94. 4 93. 6 
21 . 4  93. 9 95 . 4  92 . 0  
10- 18 96. 1 93. 8 2 1 . 8  85. 1 92 . 7  
10-25 90. 0 94. 1 20. 4  79. 9 93 . 1  
1 1-1  89. 0 94. 3 20. 4 63 . 9  
9 1 .  9 
1 1-8 81 . 7 92 . 7 15. 6 63. 9 
89. 0 
11-15  93. 6 
62 . 7  87 . 3  
Mean 78. l 84 . 0  44 . 2  
80 . 0  7 5 . 9 79 . 6  
57 
HEAN TEMPERATURE DATA ON I NF LUENT AND EFFLUENT SAMP LES OBTA I N E D  DU R I NG 
THE PER I OD OF STUDY MAY 24 TO NOVEMBER 1 5 ,  1 9 7 8 ,  FROM H I GH - RAT E 
I NF I LTRA T I ON SYSTEM AT BROOK I NGS , SOUTH DAKOTA 
(al l tempera tures a re 0ce l s i u.s )  
North Middl e Sou t h  
. Upper Lower Upper Lower Upper Lower 
Da te I n f l uen t Ora fn  Ora i. n Dra i n  Dra i n  D ra i n Dra i n  
6- 7 1 7. ' 1 1. 4 9. 6 13. 8 10. 2 . 1 1 . 9  1 0. 1 
6- 14 20. 3 12. 6 10. 8 16. 3 1 1 . 8  1 5 . 0  1 1 . 8  
6-21 1 9. 3 13. 6 1 1 . 9 17 . 7  13 . 3  1 6 . 1 1 3 . 3  
6-28 2 3. 8 1 5. 3 13. 7 19. 4 1 4. 8  1 9 . 0  1 5 . 1  
7- 5 23. 7 16. 8 14. 4 2 1 .  7 1 6 . 6 1 9 . 8  16. 7 
7- 12 21. 6 17. 2 15. 1 2 1 . 2  1 7 . 4 1 9 . 9  1 7 . 3  
7- 19 25. 3 1 7. 9 15. 9 23. 0 1 8 . 8  l · . 8  18. 8 
Rest Cycl e 
8-9 24. l 18. 4 17. 4 2 1 . 3  18 . 6 20. 4 1 9 . 2  
8- 16 22. 4 1 9. l 17. 4 23. 2 • 1 9 . 8 2 1 . 3  19. 6 
8- 23 27. 4 23. 1 21. 8 27. 1 24 . 2  25. 1 23 . 9  
8-30 21. 1 19. 6 18. 3 22 . 2  2 0 . 7 2 1 .  7 20. 6  
/ 
9-6 23. 7 19. 9 18. 9 24. S 
2 1 . 1  2 2 . 1 2 1 . 2  
9-13 2 1 . 1 20. 0 19. 2 2 1 . 8  
2 1 . 4  2 1 . 5  2 1 . 2  
9-20 1 5. 7 19. 1 19. 0 1 8 . 8  
2 0 . 7  20 . 5 2 0 . 9  
9-27 1 5. 6 18. 5 18. 7 
18. S 1 9 . 3  1 9 . 3 20. 0  
1 0- 4  1 2 .  5 18. 2 18. 6 
1 5 . 6  18. 6 1 6 . 7  1 9 . 8  
1 0- 1 1  1 2 .  7 17. 3 
18. 0 14. 4 1 7 . l  1 7 . 0  18. 3 
10- 18 8. 6 16. 4 
17. 2 1 1. 4  1 5 . 2 17. 1 
10-25 8. 7 1 5. 6 16. 0 9. 8 1 3 . 6  
1 5 . 5  
11-1  8. 2 14. 6 
15. 0 10. 6 l � . 4  14 . 3  
1 1-8 7. 0 14. 0 14. 2 9. 4 1
1 . 4  13. 1 
1 1 - 15 2. 2 
12. 5 9. 1 1 0 . 8  
58  
DI SSOLVED OXYGEN DATA 
I N F I LT RAT I ON LAND TREATMENT OF STAB I L I ZAT I ON POND E F FLUENT 
SOUTH DAKOTA STATE UN I V ERS I TY - B ROOK I NGS , SOUTH DAKOTA 
I n fl uent 00 Ol d  Dra i n s 00 New Ora f n s  
Date North Mi ddl e South North t1i dd l e  Sou t h  North M i dd l e So uth 
8-09-78 4 . 20 3. 00 1. 95 1 . 63 2 . 01 1 . 80 0 . 62 0. 9 5  0 . 30 
8- 16- 78 9. 50* 8. 50 7. 70 2 . 81 i . 90 2 . 40 0 . 7 0  0 . 89 0. 1 0  
8-23-78 16. 20* 8. 75* 16. 90* 1. 74 2 . 75 2 . 20 0 . 60 0. 93 0. 1 5  
8-30- 78 12. 10* 5. 50* 15. 60* 2 . 45 1 . 65 2 . 40 0 . 6 5  1 . 1 0 0 . 2 0  
9-06-78 8. 30 4. 56 5. 70* 3. 05 2. 40 3 . 4 0  0 . 80 1 . 1 5  0 . 50 
9-13- 78 6. 50 6. 60 6. 30* 2. 20 1 . 95 3 . 10 0 . 6 5  1 . 05 0 . 2 5  
9-20-78 1 1. 50 8. 90 4. 75 2 . 10** 1 . 95** 2 . 55** 0 . 5 5** 0 . 90** 0 . 2 0**' 
9-27- 78 1 1 . 60 7. 90 6. 70 2.i 15 2. 05 3 . 20 0. 6 5  1 . 1 5  0 . 2 5  
10-4- 78 1 1. 70 1 0. 20* 7. 1 0  2. 30 3. 30 0 . 7 5  1 . 70 0 . 30 
1 0- 1 1 - 78 7. 90 1 0. 10* 6. 80 4. 20 3. 30 0 . 7 5  · l . 70 0 . 20 
1 0- 18-78 1 0. 80 11. 30 13. 60* 4. 95 3. 35 0 . 80 1 . 80 0 . 30 
10-25-78 1 1 . 20* 1 0. 60 9. 05* 6. 40 4. 20*'* 0 . 95** 2 . 30** 0 . 50** 
1 1- 01 - 78 1 5. 60 16. 80 19. 1 0  6. 10** 6. 00** 1 . 4 5** 3 . 1 0*
* 1 . 55** 
1 1-08- 78 17. 20 17. 60 17. 70 9. 00 4. 55 
2 . 00 3 . 2 0  2 . 2 5  
1 1 - l S-78 1 0. 60* 1 1 .  60* 1 1 . 20* 
1 . 3 5** 2 . 25** 1 . 75** 
Infl uent DO readings were ta ken immed i a tely fo l l owing app l i ca t i on of was t ewa ter.  
Times were approximately: 8 : 00 a. m. Sou th Bas i n  
10: 30 a . m. Mi ddl e Ba s i n  
12 : 00 noon North Ba s i n  
These t fmes va ry a s  much a s  a n  hou r  e i ther way. I f  times vary more than an hou r ,  da ta a re marked w i th an * .  
DO read i ng s  f n  dra i n s  were ta ken at approx imately 2 : 00 p . m. p l us or m i nus 30 � 1 n utes . 
**Reading not ta ken at t imes s ta ted above. 
